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[57] ABSTRACT 

Disclosed herein is a method and system for sorting recycled 
solid Waste materials, such as plastics, by a liquid-?uidized 
bed classi?er (LFBC) technique. The application of a LFBC 
to the separation of plastics, and in particular plastic 
particles, is shoWn to be advantageous for a number of 
reasons. Firstly, the primary ?uidiZation medium, i.e., Water, 
is present in large quantities during conventional chopping, 
Washing, and ?otation operations that are performed during 
plastics recycling operations. Secondly, the natural density 
distribution of the major types of recycled plastics favors 
segregation by density in Water, i.e., the “lighter-than-Water” 
polyole?ns, polypropylene (PP) and polyethylene (PE) from 
the “heavier-than-Water” polystyrene (PS) PVC and PET 
plastics. The latter types of plastics have been found to 
separate spatially in an up?oW LFBC, While the “lighter 
than-Water” plastics can be collected at the top of the 
column, thereby combining ?otation and classi?cation in a 
single step. Further separation of the polyole?ns can be 
accomplished in a second LFBC operating in a doWn?oW 
mode. Thirdly, any overlap of density distributions between 
types of plastics is overcome via selective modi?cation of 
plastic particle size/density. Afourth advantage of the LFBC 
spatial separation is that the separated plastic particles can 
be collected by hydraulic ?oW from the appropriate section 
of the column and supplied to simple gravity separators for 
particle recovery, and also for disengaging the ?uidiZing 
Water for recycling, thereby enabling the continuous classi 
?cation of plastic particles With both continuous feed and 
product removal. 

29 Claims, 6 Drawing Sheets 
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LIQUID-FLUIDIZED BED CLASSIFIER 
(LFBC) FOR SORTING WASTE PLASTICS 
AND OTHER SOLID WASTE MATERIALS 

FOR RECYCLING 

FIELD OF THE INVENTION 

This invention relates generally to systems and methods 
for separating solid particulate materials and, in particular, to 
the use of liquid-?uidiZed beds for separating and classify 
ing solid objects. 

BACKGROUND OF THE INVENTION 

Due in part to more stringent regulations on soil and Water 
contamination and on land?ll capacity, the number of land 
?ll sites available for accepting solid Waste is steadily 
decreasing, While the amount of municipal solid Waste 
(MSW) is steadily increasing. This has placed increasing 
pressure on developing ef?cient methods for the recycling 
and reclamation of solid Wastes. 

On a volume basis, it has been estimated that Waste paper 
accounts for about 34%, metals 12%, yard Waste 10%, glass 
and food 2—3%, and plastics from 10—20% of the MSW 
stream, and as a category, packaging materials account for 
about 30% of MSW volume (8% plastics, 14% paper, and 
8% metals, glass, etc.). The total amount of plastics in the 
MSW stream in the US. is projected to increase to 15.6 
million tons per year, or 9.2% by Weight by the year 2000. 
And, although many Would consider bottle recycling pro 
grams as a success, these operations have barely “scratched 
the surface” of the ultimate potential for plastics recycling. 
Plastics still represent the least recycled of all packaging 
materials at a total recovery rate of about 1%. In addition, 
the recovery of engineered thermoplastics from durable 
goods, such as automobiles and computers, has been iden 
ti?ed as an important goal in recycling. As an eXample of the 
magnitude of this problem, 21.9 billion tons of Waste 
plastics from durable goods Were generated in the US. in 
1992, and this amount is projected to increase 4.6% annu 
ally. 

Alternatives to recycling are also being considered, such 
as depolymeriZation, and pyrolysis or combustion of plastic 
Wastes. HoWever, it has been clearly shoWn that recycling is 
by far the most energy ef?cient route. For example, the 
fraction of the “embodied energy” (i.e. the energy required 
to manufacture a polymer product) recovered for recycling 
to replace virgin polymer applications is 80—95%; Which 
decreases sharply to 15—40% for recovery of thermal energy 
from Waste plastics. 

Superimposed on this steadily groWing need for plastics 
recycling is the problem that recovery costs typically eXceed 
the market price of recycled plastics. As a result of this 
disparity, many commercial recyclers are seeking to either 
cut-back or completely eliminate the recycling of plastics. In 
order to counter this trend, it is imperative that neW, more 
cost-effective separation/recycling processes for plastic 
Waste must be developed and implemented. 
An important aspect of any cost-effective plastics recla 

mation system is an ability to effectively classify and seg 
regate the various types of plastics that appear in a typical 
Waste stream. 

OBJECTS OF THE INVENTION 

It is a ?rst object of this invention to provide a cost 
effective and ef?cient method and system for reclaiming 
plastic material from Waste streams. 
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2 
It is a second object of this invention to provide a cost 

effective and efficient method and system for segregating 
and separating Waste materials, such as plastics and plastics 
and metals. 

SUMMARY OF THE INVENTION 

The foregoing and other problems are overcome and the 
objects of the invention are realiZed by a method and system 
for sorting recycled plastics by a liquid-?uidiZed bed clas 
si?cation (LFBC) technique. The application of a LFBC to 
the separation of plastics, and in particular plastic particles, 
is advantageous for a number of reasons. 

Firstly, the primary ?uidiZation medium, i.e., Water, is 
present in large quantities during conventional chopping, 
Washing, and ?otation operations that are performed during 
plastics recycling operations. 

Secondly, the natural density distribution of the major 
types of recycled plastics favors segregation by density in 
Water, i.e., the “lighter-than-Water” polyole?ns, polypropy 
lene (PP) and polyethylene (PE) from the “heavier-than 
Water” polystyrene (PS) PVC and PET plastics. The latter 
types of plastics have been found to separate spatially in an 
up?oW LFBC, While the “lighter-than-Water” plastics can be 
collected at the top of the column, thereby combining 
?otation and classi?cation in a single step. Further separa 
tion of the polyole?ns can be accomplished in a second 
LFBC operating in a doWn?oW mode, still using Water as the 
?uidiZing liquid. 

Thirdly, an overlap of density distributions betWeen types 
of plastics is reduced or eliminated by selective modi?cation 
of plastic particle siZe/density. 
A fourth advantage of the LFBC spatial separation 

approach taught by this invention is that the separated plastic 
particles can be collected by hydraulic ?oW from the appro 
priate section of the column and supplied to simple gravity 
separators for particle recovery, and also for disengaging the 
?uidiZing Water for recycling, thereby enabling the continu 
ous or semi-continuous classi?cation of plastic particles 
With both continuous feed and product removal. 

In accordance With an aspect of this invention there is 
provided a system and method for separating heterogeneous 
solid plastic Waste material into at least tWo substantially 
homogeneous fractions, each comprising substantially only 
one type of plastic. The method includes the steps of (a) 
providing the solid plastic Waste material in a particulate 
form; (b) loading the provided solid plastic Waste material 
into a column of a liquid-?uidiZed bed classi?er (LFBC); 
and (c) pumping a How of liquid through the column for 
separating the solid plastic Waste particulates into at least 
tWo fractions based in part on the densities of the different 
types of plastics that comprise the solid plastic Waste mate 
rial. 
The particulates of each of the types of plastics have a 

siZe/density distribution, and for the case Where there is an 
overlap of siZe/density distributions betWeen the particulates 
of at least tWo of the types of plastics, the method further 
includes a step of modifying the siZe/density distribution of 
the particulates of at least one of the types of plastics so as 
to reduce or eliminate the overlap. The step of modifying can 
be accomplished, by example, by (a) varying a temperature 
of the ?uidiZing medium to change a siZe of the particulates 
of one of the types of plastics relative to the particulates of 
another type of plastic, (b) through the use of an additive 
such as solvent that selectively sWells (enlarges) the par 
ticulates of at least one type of plastic, or (c) by a combi 
nation of temperature variation and additive(s). 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The above set forth and other features of the invention are 
made more apparent in the ensuing Detailed Description of 
the Invention When read in conjunction With the attached 
Drawings, Wherein: 

FIG. 1A is a side vieW of an exemplary vertical Liquid 
FluidiZed Bed Classi?er (LFBC) suitable for practicing this 
invention, FIG. 1B is a cross-sectional vieW of the LFBC of 
FIG. 1A, and FIG. 1C is a simpli?ed diagram of a vertical 
LFBC plastics classi?er and sorter system in accordance 
With this invention; 

FIG. 2 is a graph shoWing a separation of three plastics in 
an LFBC that is similar to the LFBC of FIGS. 1A—1C; 

FIG. 3 is a graph shoWing the result of a numerical model 
that predicts LFBC performance and, in particular, depicts 
steady-state plastic particle pro?les in an “up?oW” con?gu 
ration; 

FIG. 4 is a graph shoWing the result of the numerical 
model that predicts LFBC performance and, in particular, 
depicts particle concentration pro?les in a ?xed bed folloW 
ing the ?uidiZation in FIG. 3; 

FIG. 5 is a graph shoWing the result of the numerical 
model that predicts LFBC performance and, in particular, 
depicts steady-state polyoel?n particle pro?les in “doWn 
?oW” LFBC at a ?uidiZing Water temperature of 80° C. and 
a ?uid velocity of 1.5 cm/s; and 

FIG. 6 is a graph shoWing the result of the numerical 
model that predicts LFBC performance and, in particular, 
depicts polyoel?n particle pro?les in “doWn?oW” LFBC at 
a ?uidiZing Water temperature of 10° C. and a ?uid velocity 
of 1.0 cm/sec. 

FIG. 7 is a block diagram shoWing ?rst and second 
LFBCs that are coupled together. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Although the teaching of this invention is described 
herein in the context of plastics separations applications, it 
should be realiZed that the teaching of this invention is not 
limited for use only With plastics. Other solid Wastes, and 
combinations of various types of solid Wastes, can be 
similarly processed by LFBC in accordance With this 
invention, such as, by example, glass and metals. The 
relatively higher speci?c gravities of these materials enable 
their separation from plastics, and from each other, by 
“coarse” separation in a primary LFBC, folloWed by ?ner 
separations in secondary LFBCs operating on the resultant 
fractions to produce more puri?ed “sub-fractions” (eg see 
FIG. 7). Thus, although the ensuing description of the 
invention is made in the context of various types of plastics, 
it should be kept in mind that other types of Waste materials 
can also be similarly treated. 

This invention ?oWs from an understanding of the appli 
cants that, under liquid-?uidized conditions, particles seg 
regate according to their siZe and density. For particles 
denser than the ?uidiZing medium, the lighter/smaller par 
ticles accumulate near the top of the ?uidiZed bed, and the 
heavier/larger particles populate the bottom of the bed. This 
principle is knoWn to have been applied in other 
applications, such as “jigs” used in mineral dressing and coal 
bene?ciation, industrial suspended bed crystalliZers, and 
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4 
expanded bed adsorbers. This principle has also been 
applied to biomass conversion in Water-?uidized beds. 

This invention provides a novel application of this and 
other principles to the classi?cation and separation of Waste 
plastic particles, chips and ?akes, all referred to herein 
generally as particulates, for recycling, and is described 
beloW in the context of several examples. 

Referring ?rst to FIGS. 1A, 1B, and 1C, there is illustrated 
a pilot-scale, 10 cm diameter, liquid-?uidized column 10. 
The column 10 has a height of approximately 87 inches and 
includes upper and loWer removable homogeniZing/ 
distributor sections 12a and 12b, a plurality of column 
section isolation slide assemblies 14a—14a' and associated 
?anges 15a—15a', and, upper (doWn?oW) and loWer (up?oW) 
distributors 16a and 16b, respectively. A valve 18 connects 
a Water ?oW via Water conduits 19a and 19b to a top 
mounted disengaging tank 20 and to the loWer 
homogenizing/distributor 12b. Other external system com 
ponents (external to the column 10) include one or more 
thermostated tanks 22 (useful for varying the temperature of 
the ?uidiZing medium as described beloW), a How control 
meter 24, and a ?uidiZation/recirculating pump 26. A plu 
rality of sampling ball valves 28a—28a' are provided betWeen 
the isolation slide assemblies 14 and betWeen the upper and 
loWer distributors 16a, 16b and their adjacent slide assem 
blies 14a and 14b. Separated plastic particles can be selec 
tively extracted through the valves 28, and/or a mixture of 
plastic particles to be separated can be introduced into the 
column 10 through one or more of the valves 28. 

As Was indicated above, FIGS. 1A—1C illustrate a 10 cm 
diameter pilot scale liquid-?uidized bed classi?er. It should 
be noted that the ensuing Examples are given in the context 
of a proportionately smaller, 5 cm diameter laboratory-scale 
liquid-?uidized bed classi?er that, other than having a 
smaller siZe, operates in the same manner as the LFBC 10 
of FIGS. 1A—1C. As such, the 5 cm diameter LFBC Will 
hereafter be referred to as the LFBC 10‘ or as the column 10‘. 

EXAMPLE 1 

Abinary mixture, prepared from 22 cc of PS barrels and 
200 cc of PET ?akes (425 cc bulk volume; see Table I for 
particle properties; the amounts listed are for the ternary 
mixture run described beloW), Was charged to the column 10‘ 
as a ?xed bed supported by the distributor 16b. The origi 
nally clear PS particles Were stained turquoise With indelible 
ink to facilitate the observation of these particles. The 
particles Were sieved (6—12 mesh) to improve siZe unifor 
mity. The pump 26 Was started at loW speed, and the 
resulting up?oW of Water through the distributor 16b caused 
the plastics mixture to rise sloWly in the column 10‘ as a 
“plug.” Particles “rained-out” of the bottom of the plug as it 
rose, until it broke up. PET ?akes Were observed to sink, 
While PS particles moved upWard. The speed of the pump 26 
Was then increased to its maximum (2 gpm in this 
example), and in less than a minute the plastics mixture Was 
observed to be totally segregated, With the PS particles 
completely ?uidiZed at the top, and the PET ?akes ?uidiZed 
at the bottom of the column 10‘. The Water How Was then 
reduced, and the ?uidiZed bed alloWed to collapse to a ?xed 
bed in Which the tWo plastics remained completely segre 
gated. 

TABLE I 
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PLASTIC PARTICLE CHARACTERISTICS 

Plastic Type Polystyrene (PS) Polycarbonate (PC) Polyvinylchloride (PVC) 

Speci?c Gravity 1.05 1.20 1.33 
Color Turquoise Clear Black 
Particle Size 6-12 mesh 6-12 mesh 6-12 mesh 
Particle Shape Oblate cylinders Oblate Cylinders Irregular Chips 
Nominal Size ~2.5 mm dia. x 5 mm) ~2.5 mm dia. x 5 mm ~1/32" x 1/8" 
Charged Mass (g) 75 75 150 
# Particles 4605 4658 19710 
Dry Bulk Volume (cc) 115 101 238 

EXAMPLE 2 Gaussian density distributions were assumed for three, 

A ternary PS/PC/PVC mixture (see Table I for particle 
properties) was tested in the same column 10‘. All the 
particles were sieved (6-12 mesh). The experimental pro 
cedures were similar to those described above. Particle 
samples were taken, via the sampling ball valves 28 that are 
spaced along the column length, at steady-state at the highest 
?ow rate achievable. Particle concentrations were obtained 
by “hand-sorting” and counting the different colored par 
ticles. These results are illustrated in FIG. 2. It is noted that 
even though the experimental conditions were far from 
optimum for maximum separation performance, due to 
apparatus shortcomings (i.e., the liquid ?ow rate was insuf 
?cient to fully ?uidize the PVC fraction), segregation of the 
three plastic types was quite apparent. 

These results indicate that for plastics that differ suffi 
ciently in density, the issues of particle size distribution and 
shape are somewhat secondary, as long as the particles are 
approximately the same size. This is because particle clas 
si?cation is governed primarily by the Galileo (or 
Archimedes) number. The relative sensitivity of the Galileo 
number to the equivalent particle diameter, d, is 3, whereas 
the relative sensitivity of the Galileo number to the particle 
density, p, is 30. Consequently, the Galileo number, and 
equivalently, the separability of the particles, is much more 
sensitive to density than to size. 

EXAMPLE 3 

Experiments were performed in the column 10‘ on an 
initially completely mixed sample of approximately 100 cc 
each of the same PS (turquoise) and PC (clear) particles 
listed in Table I above. Fluidization of the particles at a 
super?cial liquid velocity of 0.7 cm/s was found to be 
accompanied by almost immediate separation of the two 
plastic types, with the lighter PS at the top, and the heavier 
PC at the bottom of the column 10‘. The PS fraction was 
completely removed hydraulically while the bed remained 
?uidized. It is noted that the bottom PC can be drawn off in 
the same manner. Separation of this binary mixture can be 
readily conducted in a continuous manner at steady-state in 
the ?uidized column 10‘ by continuously feeding the mixture 
through one of the valves 28 at the interface between the two 
segregated ?uidized plastic types, and continuously with 
drawing substantially pure fractions through valves 28 
located above and below the feed point. 

The previous three Examples clearly demonstrate that the 
LFBC system of this invention provides for the separation of 
different types of initially mixed waste plastic particulates. 

In order to further demonstrate the process of this 
invention, a numerical model was developed to estimate the 
separation performance that can be achieved in the LFBC 
for other mixtures of plastics. The model allows for solid 
phase dispersion or mixing among particles of different 
plastic types and densities throughout the bed. 
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“heavier-than-water” recyclable plastic types: PS, PVC, and 
PET, with mean speci?c gravities of 1.05, 1.25, and 1.35, 
and variances of 0.04, 0.04, and 0.02, respectively. The 
arbitrary number of particles selected was one million of 
each type. All the particles were assumed to be sieved to the 
same size, with an “equivalent spherical diameter” of 0.5 
cm. Of course, in practice the actual waste plastic particles 
will typically not be spherical in shape. The bed or column 
10 diameter was arbitrarily set to 50 cm. Avalue of 1 cmz/s 
was assumed for the dispersion coef?cient. The results of the 
model calculation are presented in FIG. 3 for a super?cial 
liquid velocity of 5 cm/s. As is shown the three plastic types 
are separated in height in the ?uidized bed. Although there 
is overlap between the plastic types due to the assumed 
density distributions, there are also clearly identi?able 
regions where the particle fractions are substantially pure. 
The regions of high concentration of a particular particle 
type can be expanded (within limits) by increasing the 
?uidization velocity. 

Energy costs for running the LFBC are a factor in 
determining overall process economics. However, it has 
been shown in Example 1 that continuous ?uidization is not 
necessary once particle segregation has been achieved. In 
other words, the bed may be periodically ?uidized, that is 
“pulse-?uidized”, to produce the desired classi?cation, and 
then allowed to “slump” to a ?xed bed. The 4 m ?uidized 
bed in FIG. 3 collapses to a ?xed bed of about 1.5 m, as 
shown in FIG. 4. The classi?ed particles can then be 
physically removed from their respective regions of the 
column. 
The “lighter-than-water” polyole?ns will collect at the top 

of an up?ow LFBC, and can be skimmed or hydraulically 
removed from the bed. This fraction can then be separated 
further according to density in another LFBC operating in a 
down?ow mode, with the liquid distributor 16a located at 
the top of the LFBC, and the ?uidizing water ?owing down 
through the bed. In this mode of operation the lighter, more 
buoyant particles accumulate at the top of the bed near the 
distributor 16a, and the heavier particles accumulate further 
down the bed. 
The basic concept for the down?ow LFBC is the same as 

for the up?ow LFBC, and the same model can be applied to 
this mode of operation as well. Gaussian density distribu 
tions were assumed for the “lighter-than-water” plastic types 
PP, LDPE, and HDPE, with mean speci?c gravities of 0.905, 
0.918, and 0.952, and variances of 0.005, 0.005 and 0.112, 
respectively. As before, one million particles of each type of 
plastic were assumed. Results for operation at 80° C. (the 
temperature is relevant to the calculation presented below) 
and a velocity of 1.5 cm/s, with a value of 0.5 cmz/s assumed 
for the dispersion coef?cient, for a 50 cm diameter column, 
are presented in FIG. 5. As is shown, good separation is 
achieved between the PP and HDPE particles (an important 
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separation problem for recycled plastics), While there is 
signi?cant overlap between the PP and LDPE fractions, 
resulting from the assumed distributions. 

HoWever, this density distribution overlap can be over 
come by employing appropriate particle density/siZe modi 
?cation techniques, as discussed beloW. 

As assumed in the model calculations, the density distri 
butions of the various plastic types Will undoubtedly overlap 
to varying extents. Since the separation is based on density 
differences for particles of similar siZe, the LFBC alone 
cannot overcome an inherent density distribution overlap. 
This represents a potential limitation on the purity of the 
various plastic fractions that can be obtained. Fortunately, 
hoWever, in addition to density, there are other physical 
property differences among the various plastics that can be 
effectively utiliZed to enhance LFBC performance. 

For example, a staged approach can be adopted Whereby 
a partially separated particle fraction from a primary LFBC 
is fed to a “polishing” unit Where the separation could be 
improved by selectively modifying the siZe/density of par 
ticles of a particular plastic type. Particle modi?cation 
techniques could also be applied in the primary LFBC as 
Well. 

One potentially attractive method for selectively modify 
ing particle siZe/density is via temperature programming, 
taking advantage of the different thermal properties of the 
various plastic types, and/or possibly even Within a plastic 
type due to variations in crystallinity, morphology, etc. All 
the plastics described herein are thermoplastics With melting 
points exceeding 100° C. Consequently, they can be sub 
jected to thermal cycling Without experiencing permanent 
degradation. Due to the nature of LFBC, the ?uidiZing Water 
serves as an ideal heat transfer medium that can be Well 

controlled. In that one objective of the process development 
is to minimiZe the use of additives, and hence reduce costs, 
this necessarily limits the operating temperature range to 
0—100° C. (i.e., betWeen the freeZing and boiling points of 
the ?uidiZing medium, or Water in this case). HoWever, if 
desired the temperature range can be extended using, by 
example, Well-knoWn antifreeZe additives. 

The thermal conductivities of all of the plastics of interest 
herein are uniformly loW. Consequently, the Biot number for 
heat transfer betWeen plastic particles and Water at typical 
liquid-?uidiZed bed conditions is considerably greater than 
unity (e.g., Bi~35 for 0.5 cm LDPE particles ?uidized in 
Water at 25° C., With U0=1.5 cm/s). Therefore, particle 
temperature variation(s) (more particularly, internal particle 
temperature variations) are internally-controlled by the par 
ticle thermal diffusivity, ot=k/pcp, Where k is the thermal 
conductivity, p the density, and cp the heat capacity of the 
plastic particles. 

In accordance With the foregoing, the use of thermal 
modi?cation has been found to be advantageous for the 
difficult-to-separate polyole?ns. From their properties, 
(X~6.7><10_4 cm2/s for PP, While that of LDPE and HDPE are 
1.6><10_3 cm2/s and 2.1><10_3 cm2/s, respectively, it can be 
appreciated that PE particles subjected to a sudden tempera 
ture variation Will change siZe more rapidly than PP par 
ticles. For example, for 2.5 mm thick chips, PE particles Will 
accommodate to a change in the Water temperature in 
approximately 1.5 minutes (three times the characteristic 
time constant), Whereas PP particles Will require approxi 
mately 4.5 minutes. 

Thus, in the case of doWn?oW ?uidiZation of the poly 
ole?ns fraction, particle shrinkage due to a sudden decrease 
in the temperature of the ?uidiZing Water Will cause PE 
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8 
particles to move further doWn the bed, thereby decreasing 
the density overlap of the tWo different types of particles, 
and improving separation. 

It can be shoWn by analysis that the LFBC is sensitive to 
modest changes in particle density. A decrease in particle 
volume causes an increase in the particle density. For a 
spherical particle of density pp and diameter dp, the sensi 
tivity of the Galileo number to pp is 6[ln(Ga)]/6[ln(pp)]=— 
p/(p—pp) for particles lighter than the ?uidiZation medium. 
A similar expression results for particles heavier than the 
?uidiZation medium by exchanging pand pp in the denomi 
nator. Consequently, for particles of speci?c gravity 0.9 in 
Water, a 3% variation in density (or a 1% variation in dp)W1ll 
cause approximately a 30% variation in Ga. Since the latter 
is roughly proportional to the terminal particle velocity (the 
exact dependence is a function of particle shape, ?oW 
regime, etc.), this has a considerable effect on the location of 
the particle in the LFBC, and, consequently, on particle 
segregation. 

For the ?uidiZed bed depicted in FIG. 5, With particles 
equilibrated to a Water temperature of 80° C., decreasing the 
Water temperature to 10° C. Will cause approximately a 3% 
decrease in the volume of the PE particles more rapidly than 
for the PP particles. For the same ?uidiZation velocity 
(slightly higher mass velocity), the bed Will expand due to 
the increase in the kinematic viscosity of the Water. 
As is shoWn in FIG. 6, the shift in the density distribution 

of the PE particles to high values due to particle shrinkage 
is suf?cient to eliminate almost all the assumed density 
distribution overlap betWeen the LDPE and PP particles. It 
is noted that in the graph of FIG. 6 the ?uidiZation velocity 
Was reduced to 1.0 cm/s in order to decrease bed expansion 
and to retain all the original particles in the bed for com 
parison. 

It is noted that a similar favorable situation exists for the 
“heavier-than-Water” pair, PS/PVC; i.e., 0t varies from 1.2x 
10'3 cm2/s for rigid PVC to 70x10“3 cm2/s for plasticiZed 
PVC, and from 8.5><104 cm2/s for general purpose polysty 
rene to 5 .7><10_4 cm2/s for impact-resistant polystyrene. 

Although it Was shoWn in FIG. 4 that it may be possible 
to achieve a certain level of separation betWeen PET and 
PVC particles, depending on their particular density distri 
butions in a mixture, in general they represent a dif?cult pair 
to separate since their physical and thermal properties can be 
quite similar. HoWever, typical glass transition temperatures, 
Tg, for PET are generally loWer (69—73° C.) than for PVC 
(87° C.). In general, the volume expansivity of a polymer 
experiences a discontinuous increase at the second order 
phase transition at Tg. Consequently, for a ?uidiZing Water 
temperature, T, such that T g(PET)<T<T g(PVC), it has been 
determined that PET particles originally of the same density 
as PVC particles Will expand to a greater degree than PVC 
particles, thereby moving higher and separating from PVC 
particles in an upWard ?oW, Water-?uidized bed. 

For those separations that are amenable to thermal 
enhancement, it is possible that a single thermal cycle may 
be insuf?cient to completely “break” an overlap of density 
distributions. In such cases, hoWever, repeated thermal 
cycling has been found to improve the separation 
considerably, since the relaxation time scale for reverting to 
the original particle distributions is on the order of the 
classi?cation velocity, Which is typically quite small in 
regions betWeen adjacent particle fractions. This approach is 
directly analogous to parametric pumping and cycling Zone 
adsorption separation processes in ?xed bed adsorbers using 
temperature cycling. 
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Another technique for eliminating a density distribution 
overlap is by swelling of particular polymer types in appro 
priate “marginal” solvents or Water solutions (i.e., solvents 
or solutions that sWell or alter the density of a polymer, but 
do not dissolve it). Such agents are extensively tabulated for 
most plastics of interest in terms of chemical compatibility. 
By choosing a solvent (or aqueous additive, such as an acid 
or a base) that acts on only one type or class of plastics, the 
siZe/density of only selected particles is altered. As has been 
shoWn above, separation in the LFBC can be quite sensitive 
to such changes, Which thus offers an opportunity “?ne 
tuning” the desired separation. 

The selection of suitable solvents can be guided by 
consideration of the solubility parameters or hydrogen bond 
ing indices for speci?c plastics. For example, at room 
temperature, hexane or ethyl acetate are potential choices for 
sWelling polystyrene. At slightly elevated temperatures, 
alkanes are candidates for sWelling polypropylene and poly 
ethylene. Even a “strong” solvent (i.e., one that dissolves the 
polymer) might be considered in some applications, since 
the contact time can be controlled to be considerably less 
than the time required for dissolution. The combination of 
temperature and solvent type can also be used to selectively 
sWell plastic particles of a particular type; this is, certain 
solvents that are ineffective for sWelling particular plastics at 
loW temperatures, become effective at elevated tempera 
tures. 

The targeted particles may be exposed to the sWelling 
agent after disengaging the appropriate fraction from the 
primary LFBC. The relative rates of sWelling or solution 
imbibation of different types of plastic may, in fact, also give 
an added measure of separation. That is, certain particle 
types may be affected quite rapidly, Whereas other particle 
types Will do so more sloWly (feeding the particles to a 
second stage of LFBC prior to equilibration of the sloWly 
changing fraction can be employed to make the separation 
event more ef?cient). 

Although there may be some operationally-related con 
siderations concerning use of certain solvents or additives, 
the ?uidiZation could still take place in Water. Also, and 
regardless of What sWelling agent is used, the sWelling agent 
is preferably recycled, such as by a gravity separation of 
(immiscible) excess solvent and Water, or, if necessary, a 
separation appropriate for miscible mixtures (e.g., ?ash 
distillation or liquid extraction). Also, proper account should 
be taken of the relative kinetics of leaching the sWelling 
agent into the ?uidiZing medium vs. separation. In addition, 
the end use of the recovered plastics should be consistent 
With exposure to Whatever solvents or aqueous additives are 
involved. 

As has been described above, the LFBC process of this 
invention can make use of Water, Which is already in general 
use in the plastic Waste Washing and grinding operation. 
Furthermore, the process operates at atmospheric pressure 
and at ambient (or near ambient) temperatures. The process 
also makes use of Waste solids in chip or ?ake form, Which 
are already produced in some Waste handling operations 
(e.g., plastics). In addition, the LFBC process can operate on 
all types of Waste solid particles by using sieved fractions 
and can be run in a continuous or semi-continuous manner, 
thereby lending itself Well to automation. 

Furthermore, the LFBC process in accordance With this 
invention is compatible and complementary With other sol 
ids handling/siZe separation processes, such as sieving, 
sedimentation, differential ?otation, and hydraulic transport. 
The degree of separation can be tailored to a Wide range of 
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10 
particular separations requirements by staging or by using 
secondary polishing units. 

If It is Within the scope of this invention that preliminary 
or rough sorting of solid Waste particles into glass, metal, 
and plastics can be achieved in a primary LFBC, folloWed 
by ?ner separations in secondary LFBCs operating on, by 
example, the plastics fraction (e.g., see FIG. 7). The LFBC 
process of this invention is also scalable to accommodate a 
Wide range of operations, either by employing larger or 
small columns, or multiple columns. 

Particularly With respect to Waste plastics, the LFBC 
process of this invention is ?exible in terms of the types of 
plastics that can be accommodated, including those Which 
are both heavier and lighter than Water. In addition, intrinsic 
density distribution overlap of the various Waste plastic 
types can be overcome via particle siZe/density modi?cation 
techniques, such as thermal cycling and/or polymer sWelling 
methods. 

In addition to the applications enumerated above, there 
are also a number of other applications for the LFBC process 
in existing Waste plastics recycling operations. For example, 
in sorting applications involving the recycling of PET plastic 
containers, the separation betWeen aluminum and PET is of 
special interest since the heavy fractions from hydroclone 
and ?otation separation steps in more processes typically 
include both PET and aluminum ?akes from bottle caps. 
Further separation is usually accomplished electrostatically. 
Given the difference in the densities of the tWo materials, the 
LFBC process is capable of producing aluminum and PET 
fractions Which are almost completely uncontaminated by 
one another, thereby signi?cantly reducing or totally elimi 
nating a need for air classi?ers, electrostatic separators, 
hydroclones, and even Washers. 
By example, the LFBC separation process of this inven 

tion can be combined With Washing by adding a detergent to 
the ?uidiZing Water. In this manner, and by example, adhe 
sives used for the labels and base cup of PET bottles, Which 
are among the most troublesome PET contaminants, are 
separated and carried aWay With the Wash/?uidiZing Water. 
The remaining PET and aluminum ?akes then segregate in 
the LFBC and can be WithdraWn by hydraulic ?oW from the 
appropriate column sections. The same basic techniques can 
also be applied to the separation of durables plastics from 
other components; e.g., “?uff”, metals, etc. 

Although described in the context of vertically disposed 
column that employs Water as a ?uidiZing medium, it should 
be appreciated that the column need not be exactly perpen 
dicular to the local normal for the process to occur. It should 
be further appreciated that other ?uidiZing mediums can be 
used, although Water Will generally be the least expensive. 

Thus, While the invention has been particularly shoWn and 
described With respect to preferred embodiments thereof, it 
Will be understood by those skilled in the art that changes in 
form and details may be made therein Without departing 
from the scope and spirit of the invention. 
What is claimed is: 
1. A method for separating a sample of solid Waste 

material into its constituent parts, comprising the steps of: 
providing the solid Waste material in a particulate form 

having a plurality of different particulate types; 
loading the provided solid Waste material into a column of 

a liquid-?uidiZed bed classi?er (LFBC); and 
pumping a ?oW of liquid through the column for sepa 

rating the Waste particulates into multiple, Well 
separated fractions, Within the same column and 
employing only Water as a ?uidiZing medium, based in 
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part on the densities of the plurality of different par 
ticulate types of the solid Waste material. 

2. A method as set forth in claim 1 and further comprising 
a step of WithdraWing at least one fraction from the column. 

3. A method as set forth in claim 2 and further comprising 
the steps of: 

introducing the WithdraWn fraction into a column of a 
second LFBC; and 

pumping a ?oW of liquid through the column of the 
second LFBC for separating the particulates of the 
fraction into sub-fractions. 

4. Amethod as set forth in claim 1 Wherein the solid Waste 
material is comprised of a plurality of different types of 
plastics individual ones of Which form one of said plurality 
of particulate types. 

5. A method as set forth in claim 4 Wherein the step of 
pumping includes a step of varying a temperature of the 
?uid. 

6. A method as set forth in claim 1 Wherein the step of 
pumping includes a step of introducing an additive to the 
?uid, the additive being selected to cause a change in 
siZe/density of at least one type of particulate With respect to 
that of other types of particulates. 

7. A method as set forth in claim 1 Wherein the step of 
pumping includes a step of adding a detergent to the ?uid 
such that the particulates are simultaneously Washed and 
separated. 

8. A method for separating a sample of solid Waste 
material into its constituent parts, comprising the steps of: 

providing the solid Waste material in a particulate form 
having a plurality of different particulate types; 

loading the provided solid Waste material into a column of 
a liquid-?uidized bed classi?er (LFBC); and 

pumping a ?oW of liquid through the column for sepa 
rating the Waste particulates into multiple, Well 
separated fractions, Within the same column and 
employing only Water as a ?uidiZing medium, based in 
part on the densities of the plurality of different par 
ticulate types of the solid Waste material; 

Wherein the ?uid includes at least one additive selected 
for changing at least one of a freeZing point and a 
boiling point of the ?uid, and Wherein the step of 
pumping includes a step of varying a temperature of the 
?uid so as to be beloW a normal freeZing point or above 
a normal boiling point and to thereby increase siZe/ 
density differences betWeen individual ones of said 
plurality of particulate types. 

9. A method for separating heterogeneous solid plastic 
Waste material into at least tWo substantially homogeneous 
fractions each comprising substantially only one type of 
plastic, comprising the steps of: 

providing the solid plastic Waste material in a particulate 
form having a plurality of different types of plastic 
particulates; 

loading the provided solid plastic Waste material into a 
column of a liquid-?uidiZed bed classi?er (LFBC); and 

pumping a ?oW of liquid through the column for sepa 
rating the solid plastic Waste particulates into at least 
tWo fractions based in part on the densities of the 
different types of plastic particulates that comprise the 
solid plastic Waste material. 

10. A method as set forth in claim 9 and further compris 
ing a step of WithdraWing at least one fraction from the 
column. 

11. A method as set forth in claim 10 and further com 
prising the steps of: 
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12 
introducing the WithdraWn fraction into a column of a 

second LFBC; and 
pumping a ?oW of liquid through the column of the 

second LFBC for separating the particulates of the 
fraction into sub-fractions. 

12. A method as set forth in claim 9 Wherein the solid 
plastic Waste material also includes metallic Waste material, 
and Wherein the step of pumping also separates the metallic 
Waste material from the plastic Waste material. 

13. A method as set forth in claim 9 Wherein the step of 
pumping includes a step of introducing an additive to the 
?uid, the additive being selected to cause a change in 
siZe/density of at least one type of plastic particulate With 
respect to the density of other types of plastic particulates. 

14. A method as set forth in claim 9 Wherein the step of 
pumping includes a step of adding a detergent to the ?uid 
such that the plastic particulates are simultaneously Washed 
and separated. 

15. A method as set forth in claim 9, and further 
comprising, during the step of pumping, the steps of: 

WithdraWing at least one fraction from the column of the 
LFBC; and 

loading additional solid plastic Waste material into the 
column of the LFBC. 

16. A method as set forth in claim 9, and further com 
prising the steps of: 

terminating the pumping of the ?oW of liquid through the 
column, thereby collapsing the ?uidiZed bed into at 
least tWo distinct fractions each comprised of a differ 
ent type of plastic; and 

removing the at least tWo distinct fractions from the 
column. 

17. A method as set forth in claim 9, Wherein the step of 
pumping is accomplished by at least one of continuously 
pumping and periodically pumping. 

18. A method as set forth in claim 9, Wherein the particu 
lates of each of the types of plastics have a siZe/density 
distribution, Wherein there is an overlap of siZe/density 
distributions betWeen the particulates of at least tWo of the 
types of plastics, and further including a step of modifying 
the siZe/density distribution of the particulates of at least one 
of the types of plastics so as to reduce or eliminate the 
overlap. 

19. A method for separating heterogeneous solid plastic 
Waste material into at least tWo substantially homogeneous 
fractions each comprising substantially only one type of 
plastic, comprising the steps of: 

providing the solid plastic Waste material in a particulate 
form having a plurality of different types of plastic 
particulates; 

loading the provided solid plastic Waste material into a 
column of a liquid-?uidiZed bed classi?er (LFBC); and 

pumping a ?oW of liquid through the column for sepa 
rating the solid plastic Waste particulates into at least 
tWo fractions based in part on the densities of the 
different types of plastic particulates that comprise the 
solid plastic Waste material; 

Wherein the step of pumping includes a step of varying a 
temperature of the ?uid for selectively modifying a 
siZe/density of at least one type of plastic particulate so 
as to further separate the at least one type of plastic 
particulate from another type of plastic particulate 
having a similar siZe/density. 

20. A method for separating heterogeneous solid plastic 
Waste material into at least tWo substantially homogeneous 
fractions each comprising substantially only one type of 
plastic, comprising the steps of: 
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providing the solid plastic Waste material in a particulate 
form having a plurality of different types of plastic 
particulates; 

loading the provided solid plastic Waste material into a 
column of a liquid-?uidiZed bed classi?er (LFBC); and 

pumping a ?oW of liquid through the column for sepa 
rating the solid plastic Waste particulates into at least 
tWo fractions based in part on the densities of the 
different types of plastic particulates that comprise the 
solid plastic Waste material; 

Wherein the ?uid includes at least one additive selected 
for changing at least one of a freeZing point and a 
boiling point of the ?uid, and Wherein the step of 
pumping includes a step of varying a temperature of the 
?uid so as to be beloW a normal freezing point or above 
a normal boiling point and to thereby increase siZe/ 
density differences betWeen individual ones of said 
plurality of particulate types. 

21. A system for separating heterogeneous solid plastic 
Waste material into at least tWo substantially homogeneous 
fractions each comprising substantially only one type of 
plastic, comprising: 

at least one liquid-?uidiZed bed classi?er (LFBC) com 
prising a column for holding a quantity of the solid 
plastic Waste material in a particulate form having a 
plurality of different plastic particulate types; 

means for selectively ?oWing a ?oW of liquid through the 
column from top to bottom or from bottom to top for 
separating the solid plastic Waste particulates into at 
least tWo fractions based on the densities of the differ 
ent types of plastics that comprise the solid plastic 
Waste material and also on the siZes of the plastic 
particulates; and 

means for extracting a separated fraction from the col 
umn. 

22. A system as set forth in claim 21 and further com 
prising means for varying a temperature of the ?uid that is 
?oWed through the column, the temperature of the ?uid 
being used at least in part to control the constituent particu 
late type Within at least one of the fractions. 

23. Asystem as set forth in claim 21 Wherein the ?uid that 
is ?oWed through the LFBC contains at least one additive, 
the at least one additive being selected to cause a change in 
siZe/density of at least one type of plastic particulate With 
respect to the siZe/density of other types of plastic particu 
lates for controlling the constituent particulate type Within at 
least one of the fractions. 

24. A method as set forth in claim 21, Wherein said means 
for selectively ?oWing causes a ?oW of ?uidiZing liquid 
through the column from top to bottom for a bed of 
particulates having densities less than said ?uidiZing liquid, 
or from bottom to top for a bed of particulates having 
densities greater than said ?uidiZing liquid. 

25. A system for separating heterogeneous solid plastic 
Waste material into at least tWo substantially homogeneous 
fractions each comprising substantially only one type of 
plastic, comprising: 

at least one liquid-?uidiZed bed classi?er (LFBC) com 
prising a column for holding a quantity of the solid 
plastic Waste material in a particulate form having a 
plurality of different plastic particulate types; 

means for selectively ?oWing a ?oW of liquid through the 
column from top to bottom or from bottom to top for 
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separating the solid plastic Waste particulates into at 
least tWo fractions based on the densities of the differ 
ent types of plastics that comprise the solid plastic 
Waste material and also on the siZes of the plastic 
particulates; and 

means for extracting a separated fraction from the col 

umn; 

Wherein the ?uid includes at least one additive selected 
for changing at least one of a freeZing point and a 
boiling point of the ?uid, and further comprising means 
for varying a temperature of the ?uid that is pumped 
through the LFBC so as to be beloW a normal freeZing 
point or above a normal boiling point and to thereby 
increase siZe/density differences betWeen individual 
ones of said plurality of plastic particulate types. 

26. A method for separating heterogeneous solid plastic 
material into at least tWo substantially homogeneous frac 
tions each comprising substantially only one type of plastic, 
comprising the steps of: 

providing the solid plastic material in a particulate form 
having a plurality of different types of plastic particu 
lates; 

loading the provided solid plastic material into a column 
of a liquid-?uidiZed bed classi?er (LFBC); pumping a 
?oW of Water through the column from top to bottom or 
from bottom to top; and 

separating the solid plastic particulates into at least tWo 
fractions based in part on the densities of the different 
types of plastic particulates that comprise the solid 
plastic Waste material; 

Wherein the step of separating includes a step of at least 
one of chemically or thermally varying a siZe/density of 
at least one ?rst type of plastic particulate With respect 
to that of at least one second type of plastic particulate 
so as to enhance the separation of the ?rst and second 
types of plastic particulates. 

27. A method for separating heterogeneous, lighter than 
Water solid plastic material into at least tWo substantially 
homogeneous fractions each comprising substantially only 
one type of plastic, comprising the steps of: 

providing the solid plastic material in a particulate form 
having a plurality of different types of plastic particu 
lates; 

loading the provided solid plastic material into a column 
of a liquid-?uidiZed bed classi?er (LFBC); 

pumping a ?oW of Water through the column from top to 
bottom; and 

separating the solid plastic particulates into at least tWo 
fractions based in part on the densities of the different 
types of plastic particulates that comprise the solid 
plastic material. 

28. Amethod as set forth in claim 27, Wherein the step of 
separating includes a step of at least one of chemically or 
thermally varying a siZe/density of at least one ?rst type of 
plastic particulate With respect to that of at least one second 
type of plastic particulate so as to enhance the separation of 
the ?rst and second types of plastic particulates. 

29. Amethod as set forth in claim 27, Wherein said lighter 
than Water plastic material is comprised of at least tWo 
different polyole?ns. 


